Abstract-In the power packet dispatching system, electric power is transferred with information tags attached physically. An application of the system to robots can enable flexible and efficient power management with a dynamically varying powerline connection between power sources and loads. In this paper, a numerical simulation verifies the achievement of a trajectory control of a manipulator by power packets. As a result, it is clarified that a conventional power conversion system at the load side can be replaced by a packet generating system at the source side. This can be a step for new power management inside robots with power packets.
I. INTRODUCTION
Today robots are utilized in a variety of areas. Many of these robots use electric power as a power supply. They usually have multiple loads, such as electric motors, and a power source. These robots generally have a fixed power-line connection between a power source and loads. The static connection will be a target of improvement concerning power management inside robots. It includes an effective use of distributed power sources and power management with limited power available. The power system inside robots needs to be reconsidered for satisfying the requests.
As a way of energy management with information technologies, several studies have discussed a routing of electric power [1] - [9] . Among them, in 1990s, Toyoda and Saitoh proposed an open electric energy network (OEEN) as a method to manage electric power flow on utility grids in the same way as a postal packet delivery with an information tag [1] . Unfortunately this proposal was too early because the technology of power electronics was not matured at that time. Recent development of wide band gap semiconductor devices [10] , [11] encouraged us to extend the concept and propose a power packet dispatching system [4] - [9] . In the power packet dispatching system, pulse power is transferred with information tags attached physically and using a time division multi-plexing (TDM) method. The power packet are delivered through power routers by putting information, such as a destination address, to a tag of a packet. In [8] , [9] , power packet dispatching on a networked system has been verified experimentally. The system has a possibility to realize a power transfer with flexible power-line connections between sources Recently, the possibility of power packets to drive and control a robot has been discussed. For example, an algorithm for power packet generation to meet demands of loads in the dispatching system has been developed [12] . In addition, it has been demonstrated in experiments that a stepper motor can be driven by transferred power packets [13] .
In this paper, we discuss a manipulator control with power packets. The manipulator consists of multiple motors driven by electric power. Power packets are supplied to the motors so that the trajectory of the manipulator tip can track a desired trajectory. The achievement of the manipulator control and the possibility of the power management are confirmed in a numerical simulation. Figure 1 shows the configuration of a power packet. A power packet consists of a payload and information tags. A payload is a dc power pulse, and the amount of transferred power can be arbitrarily decided by changing the length or modulating the pulse itself. An information tag, composed of a header and a footer, is attached to the payload in voltage waveforms. The information transferred by tags can include an identifier of the source of the packet, the destination address and so on. The tags can be in arbitrary length.
II. POWER PACKET DISPATCHING SYSTEM
In [7] - [9] , power packet dispatching network was designed and verified experimentally. The network contains power packet mixers and routers. Figures 2 and 3 depict configurations of a mixer and a router, respectively. The mixers produce power packets by a circuit switching. Note that SiC JFETs enables a power switching at several MHz [11] . Thus the length of information bits can be sufficiently shorter than that of a payload. Then the produced packets are delivered with TDM method; that is, mixers do not send two or more packets on a single power-line simultaneously. In this way, packets from different sources will not mix each other on the line. When a router receives a packet, it reads the information in the header, and dispatches the packet to the desired destination according to the information.
Here, the capacitors in the router work as buffers for reproduction of information tags [8] , [9] . Buffers can be prepared for each power source, and the switches in the input side guides input packets to an appropriate buffer. When all bits of the header are read, packets with a reproduced header is made by the switch in the output side connected to the desired destination. The system achieves "stored and forward." Figure 4 shows a two degrees of freedom manipulator. The manipulator tip moves in a plane as two electric motors at each joints rotate independently. The motor at joint 1 is fixed on a horizontal base plane. Dynamic equations in terms of joint displacements 1 and 2 , and joint torques 1 and 2 are given as follows [14] :
III. TRAJECTORY CONTROL OF MANIPULATOR

A. Mathematical Models of Manipulator
where coefficients and ℎ are functions of 2 , and is a friction constant.
The manipulator contains unipolar hybrid stepper motors at its joints. We call the motor at joint 1 and at joint 2 as motor 1 and motor 2, respectively. The motors have different rating currents: 3.3 A for motor 1 and 0.95 A for motor 2. The motors can be expressed as the electrical circuit shown in Fig. 5 . The circuit equation for each phase in terms of input voltage Fig. 6 : Configuration of routing circuit for stepper motor drive proposed in [13] . and current is given as follows:
where , and denote a resistance, an inductance and a mutual inductance of a motor winding, respectively.
The stepper motors rotate according to the input current sequence, and the rotational torque is proportional to an amplitude of the motor currents. The torque is given as follows:
where , and e denote constants determined by the motor specification.
The motors are driven with power packets using a routing circuit proposed in [13] . Figure 6 depicts the schematic of the routing circuit. The router contains four switches, each of which corresponds to every single excitation phase. The router reads the phase-excitation information in the header of input packets and turn on the switch(es) for the desired excitation phase(s). Figure 7 shows the schematic of the simulation circuit. The mixer produces a sequence of power packets so that the motors can track given trajectories. Each packet has a destination address in its header and is transferred to one of the motors. Note that the Router C has a buffer and can reproduce tags so that an arbitrary router network can be connected to the output of Router C. In this paper, we examine the simplest case, where the network contains one router and one load.
B. Simulation Setting
The length of each power packet is 20 s, and 2 s of them are used for the information tags. We assume electric power is not supplied during the tags at all.
The packet length is sufficiently shorter than the phase transition period of the desired current sequence. Thus the power supplied to the motor can be regulated by modulating the density of power packets with an application of an optimal dynamic quantizer (ODQ) proposed in [12] , [15] . The necessity of a power packet for each motor is determined by the dynamic quantizer in the mixer every 20 s. From (3)-(6), the plant , or the discretized electric circuit equations are given as follows:
where , , ∈ ℝ 4×4 are constant matrices, and vectors ∈ ℝ 4 , ∈ ℝ 4 and ∈ ℝ 4 represent the state, control input and output respectively. The input and output have a unit of voltage. The three vectors contain a value for phase A, B,Ā andB in their first, second, third and fourth element respectively. Then the dynamic quantizer for the plant is obtained as follows:
where is a static quantizer of quantization interval , and ∈ ℝ 4 , ∈ ℝ 4 and ∈ ℤ 4 represent the state, input and output respectively. The output corresponds to the input of , and the input of to the desired current sequence.
Power packets are transferred with TDM, and every single packet can be supplied to one destination load. Thus a selector is also introduced into the packet generation algorithm in the mixer with the ODQ. The selector determines which motor a packet should be supplied to when both motors demand the packet. For this purpose, we focus on the vector ( ), which expresses the effect of quantization errors on the output of . The selector compares the value of || ( )|| 1 , the 1-norm of ( ), of each motor. The packet is supplied to the motor whose value is greater than the other.
With the preparations above, we conducted a numerical simulation using MATLAB. The simulation includes solving three sets of differential equations as shown in Fig. 8 . The desired sequence is determined according to the desired trajectory and is applied to ODQ. The ODQ determines the input of electric circuit. Then, using (3)-(6), the circuit equation is solved to obtain the motor current. The motor current determines the motor torque through (7). The torque is an input to the dynamic equations (1), (2) . The output of the dynamic equation is not only an output of the whole system but an input of circuit equation (3) and torque equation (7).
C. Results of Simulation
First, the trajectory of the manipulator is examined. Figure 9 shows the rotation angle of each joint and its reference angle trajectory. The angle (red plots) successfully tracked the desired trajectory (blue line) throughout the simulation. To examine the details of angle trajectory, we check angle , the gap between joint angles and their reference trajectories shown in Fig. 10 . The blue line represents angle , and red lines the ∘ . Figure 10 shows that the gaps stayed inside the limits throughout the simulation. Therefore, the achievement of trajectory control is confirmed.
Second, the motor current waveforms are examined. As shown in (7), the motor torque is determined by the difference of phase currents such as Δ A := A −Ā. Figure 11 shows Δ A of motor 2 and its reference current sequence. Although the current rise and fall took some transient time because of the inductive loads, the waveform followed the desired phaseexcitation sequence. Figure 12 is the enlarged view of Fig. 11 from 2.475 s to 2.48 s. The current repeated to rise and fall in the shorter period than the desired sequence changed. This indicates that power packets were generated and supplied in appropriate intervals so that the current were regulated to be the desired value.
IV. CONCLUSIONS
In this paper, it has been numerically verified that the trajectory control is achieved with a regulation of power supplied by power packets. The ODQ generated power packets with consideration of the different power demands of each motor. The selector guaranteed that individual packets were transferred to the desired motor without mixing each other. These results clarify that we can replace a conventional power conversion at the load with a packet generation at power sources. These discussions open the way to adopt the power supply system under optimizations for a robot and related independent systems.
